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Abstract 
Todd, Devin Marlin James. M.S. Department of Physics, Wright State University, 2012. 
The Mechanisms of Luminescence from ZnO under Electron Irradiation 
 
 
Zinc Oxide has been utilized for centuries in a wide range of applications including 
medical, food, and materials.  It is now that ZnO draws much attention to its potential as 
a high frequency semiconductor and UV laser.  As a result, there has been much 
investigation into the properties of ZnO and many papers have been published in the 
area.  Despite this fact, there is still much that is unknown about its electronic defect 
structure.  This research investigates the broad region of the Zinc Oxide luminescence 
spectrum known as the green band, which lies roughly between 480 - 580 nm or 2.1 - 2.6 
eV, about which there is much debate as to its origin.  Electron irradiation at 0.55 and 1.0 
MeV is employed to excite the ionization characteristics of ZnO and to create native 
defects which may be luminescent centers or complexes of luminescent centers.  A 
luminescent band centered at 3.0 eV was observed to grow with increasing irradiation in 
samples formed by pulsed laser deposition and no green band radiation was observed.  
No obvious alteration to the green band luminescence from hydrothermally grown bulk 
samples was observed.  The techniques and results of this novel effort will be discussed.
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I. Introduction  
 
 
A.  Brief History 
 
 Zinc oxide (ZnO) is by no means a recently discovered compound.  Zinc oxide 
has been the subject of study for decades with reports written as early as 1935.1  The first 
use of ZnO is impossible to determine but it is known that the Roman Empire utilized 
ZnO.2,3  The various uses for ZnO are almost as vast as its history; one of the earliest 
applications was in the use of medical treatment as an ointment2.  It is still used in 
sunscreen today to protect against UV.4  Another of its major uses throughout history has 
been in metallurgy where zinc oxide was used by the Romans in the production of brass.3  
Within the last century as technology has grown by leaps and bounds so has the interest 
in zinc oxide as a semiconducting material.  This interest has been spearheaded by the 
success of its chemical/electronic cousin gallium nitride which has the same physical 
structure and is also a wide, direct band-gap semiconductor. 1,5,6   
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B.  Purpose of Study 
 
 There is much promise for the application of ZnO as a semiconductor due to its 
many favorable properties including: low cost of production, optical transparency, wide 
band-gap, high electron mobility, and large exciton binding energy.  Most 
semiconductors can be enhanced by chemical doping to achieve characteristics one 
would like to take advantage of.  This is normally done to achieve either n-type or p-type 
material.  An n-type semiconductor means that majority carrier available for conduction 
is of the negative electron type.  Similarly a p-type semiconductor means the majority 
carrier is of the positive, or hole, type.  Zinc oxide possesses the capability of being made 
both n and p-type, although getting consistent high quality p-type still proves difficult.  
ZnO has been the topic of hundreds of research studies but there still remains much that 
is unknown, specifically, the mechanisms responsible for a very broad region of 
luminescence known in the field as the green band (GB).1   The green band is centered 
about 2.5 eV giving it its name and is, almost surely, the product of many constituents.  
The debate comes from whether the main defects responsible are due to native or non-
native defects.  There are many supporters on each side, but, one thing is sure, in order to 
effectively utilize ZnO for high frequency semiconductor and UV lasers applications its 
defect structure needs to be well understood.   
 The following chapter will discuss the basic background needed for understanding 
and investigation into luminescence.  This will include critical instrumentation and 
energy loss mechanisms.  Chapter II will also discuss the native and non-native defects 
present in zinc oxide with a focus on associated electronic energies and defect 
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assignments that may contribute to green band luminescence.  Chapter III will give an in-
depth description of experimental equipment and procedures used.  Chapter IV will 
present the data collected as well as a detailed analysis.  Chapter V will present the 
conclusions drawn and suggested future research. 
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II . BACKGROUND 
 
The following sections will discuss the basic technical background needed for 
understanding and discussion of the concepts presented in this paper.  This will include 
critical instrumentation and energy loss mechanisms.  Chapter II will also discuss the 
native and non-native defects present in zinc oxide with a focus on associated energies 
and defects that may contribute to green band luminescence. 
Throughout the course of this paper spectroscopic descriptions will be referred to in 
terms of wavelength.  However, specific peaks within the data will be referred to in eV 
for easy comparison with defects within the band-gap which are identified in terms of eV.  
 
A.  Native Defects 
  
 ZnO has a Wurtzite crystal structure which means that each of the zinc (Zn) and 
oxygen (O) atoms are arranged in a hexagonal fashion with each plane of atom types 
displaced slightly from the other.  The term native defect refers to the defects in a 
crystal;s structure that deviate from the ideal lattice configuration and do not involve 
chemical impurities.  Table I contains a list of defects and their associated energies within 
the band-gap.  This table will be referred to on a consistent basis throughout the paper.   
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Table I- Defect energy within band-gap 
eV (a) – Energy from Valence Band, eV(b) – Energy from Conduction Band, eV (c) – 
Energy from Valence Band based on 3.41 eV Band-gap. 9 
Defects   eV (a) Ref: 
O V (LDA)   0.5-0.8 9 
Oi oct (0/-1)   0.72 8 
Oi oct (-1/2-)   1.59 8 
OZn (0/-1)   1.52 8 
OZn (-1/-2)   1.77 8 
Zn V (0/-1)   0.1-0.2 9 
Zn V (-1/-2)   0.9-1.2 9 
Na   0.3 9 
Li   0.3 , 0.8 9 
N    0.2 , 0.4 9 
H, Al, Ga, In   3.36 9 
  eV (b) eV (c)   
O V (0/2+)(LDA)  1.0-2.0 1.4-2.4 9 
O V ground State  2.1 1.3 9 
 
 
 The first types of defect to discuss are vacancies and are the category of defect 
most pertinent under normal conditions.  As it sounds a vacancy is a situation in which an 
atom is absent from a typical lattice site.  Oxygen vacancies are deep donors in the ZnO 
crystal.  Oxygen vacancies are of a particular interest because they have been shown to be 
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a highly probable contributor to the green band luminescence.  Calculation puts the 
(0/2+) levels around 1-2 eV below the conduction band minimum (CBM) (See Table I).  
Transition from this state to the valence band would put energy emission right in the 
green band region.  An experiment was done by Heo et al7 where ZnO was annealed in a 
Zn vapor which resulted in a photo-luminescent spectral line at 2.53 eV, on the edge of 
the green band.9  This is surprising as one would normally think annealing in Zn vapor 
would fill Zn vacancies requiring a diminishing number of oxygen vacancies to maintain 
charge equilibrium.  It was shown by positron annihilation that this does not happen but 
instead creates oxygen vacancies by forming a new layer of ZnO on top of the sample 
which is oxygen deficient.9  However, it is known that when a sample is subjected to 
electron irradiation the green band is generally diminished.  Seeing as how the irradiation 
produces O vacancies, one should not automatically assume the green band is a direct 
result of oxygen vacancy formation, and the existence of radiationless centers must be 
considered.9  
The zinc vacancy has also been thought to contribute to green band emission.  It is 
a double acceptor with transition levels around 0.9- 1.2 eV above the valence band 
maximum (VBM) (See Table I).  A variation of the experiment described in regards to 
oxygen vacancy formation was performed where ZnO was now annealed in oxygen gas 
and resulted in a photo-luminescent peak at 2.35 eV attributed to the Zn vacancy.9  When 
ZnO is exposed to hydrogen plasma, the hydrogen, being a shallow donor, fills zinc 
vacancies effectively passivating them.  These samples have exhibited a reduction in 
luminescence further suggesting Zn vacancies as a contributor to GB luminescence.  The 
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same complication in expectation as occurred with oxygen vacancy formation arises from 
the fact that electron irradiation also creates Zn vacancies but reduces GB emission.9 
 The next defect to be discussed is what is called an antisite defect.  
Antisite defects can take two possible forms; the first being a Zn atom in what should be 
an O site called a zinc antisite, and second called an O antisite which is just the reversed 
situation.  Oxygen antisites are deep acceptors which mean the electrons are strongly 
bound to the site and would require a large energy to ionize. 
Oxygen antisites have a (0/-) transition level at 1.52 eV above the VBM which 
can be found in Table I.  The notation /′ refers to the charge state transition from  
to ′of a particular defect.8  At 1.77 eV above the VBM (Table I) lies the (-/2- ) transition 
level for an oxygen antisite.  Zn antisites are shallow donors with several transition levels 
located above the CBM.  Shallow donors are defects near the conduction band that are 
not tightly bound to their electrons and can thus give them up easily to the conduction 
band.  Zn antisites are actually displaced more than one angstrom towards local oxygens 
and are more closely related to a zinc interstitial (to be discussed in the next paragraph) 
plus an oxygen vacancy.8  Under normal conditions, both oxygen and zinc antisites have 
high formation energies and, thus, are unlikely to exist in large concentrations.9  
The final native defects are known as interstitials, these can be formed by both Zn 
and O.  An interstitial refers to an atom that is not located on any normal lattice site but 
between sites.  Interstitials can take three different forms: tetrahedral, octahedral, and 
split sites.  Tetrahedral sites can be thought of as lying in plane roughly centered in one of 
the hexagonal rings.  The octahedral site can be thought of as splitting the space between 
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two tetrahedral sites on two consecutive planes.  A split sites is a defect that sits between 
two lattice elements. 
 The Zn interstitial is a shallow donor and known to occupy both the octahedral 
and tetrahedral sites.  The tetrahedral site happens to be 0.9 eV above that of the 
octahedral site.8  This is a result of the relaxed geometric constraints and thus these 
defects will prefer to be in the octahedral site.8  These defects have high formation 
energies and are fast diffusers meaning they are unstable and anneal out at 170K.9  
Because of this one does not expect to see any new or growing luminescence as a result 
of Zn interstitial defect formation.    
The O interstitial can form in any of the three possible sites.  The O tetrahedral site 
like Zn is unstable and relaxes.  The O can take two forms the first being an electrically 
neutral, split site in p-type material.  The second and more common place is the deep 
double acceptor of the octahedral site in n-type materials.  Both forms have high 
formation energies and are expected in low concentration at normal conditions.8  
 
 
B.  Non-Native Defects  
 
 After first considering defects that are native to the ZnO structure one must then 
take a look at non native defects present in the sample.  Many chemical defects found in 
materials are a direct result of their growth process.  Each growth method has a defect or 
contamination characteristic associated with it.  When chemical defects are intentionally 
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introduced into the material for a specific property it is called doping the material.  
Semiconductors are often doped to make them either more p-type or more n-type.  As 
mentioned previously ZnO has the capability of being doped both n and p type, but p-
type is difficult to obtain.   
 Making ZnO n-type is a relatively easy process.  The group III elements including 
Aluminum (Al), Gallium (Ga), and Indium (In), have proven to be extremely successful 
in n-type doping.  These dopants are Zn substitutional meaning they occupy Zn sites in 
the crystal lattice.   In these sites the defects act as shallow donors giving their electrons 
up to the conduction band easily.  This can be seen by looking at the energy level which 
is located for all three at about 3.36 eV making them all less than 0.05 eV from the CBM 
(Table I).  Falling in line with these elements is hydrogen (H).  Hydrogen a shallow donor 
also has an energy level of about 3.36 eV contributing to n-type.  However, H can be a 
very frustrating defect in light of its presence in all growth methods, high diffusibility, 
and ability to essentially bond with anything.1  Analogously the group VII elements also 
are shallow donors but occupy O sites.  Their dopants are a little harder to achieve 
considering that most ZnO is on the Oxygen rich side.10   
 Transition Metals (TM) are another possible defect that can form in ZnO.   Iron 
(Fe) and cobalt (Co) prefer to live in the octahedral sites while nickel (Ni) prefers the 
tetrahedral site.  Fe, Ni, and Co stable ions typically are 3.33 eV, 3.1 eV, and 2.8 eV 
above the VBM respectively.11   As a result they are not of much concern in respects to 
GB considerations.  Copper (Cu) on the other hand is a TM that certainly deserves some 
attention.  Cu is a Zn substitutional element with Cu+ and Cu2+ as stable charge states.1  
When excited, Cu2+ can capture an electron from a neighboring oxygen resulting in a 
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loosely bound hole and the Cu+ charge state that acts as a shallow accepter.   It has been 
suggested that green band luminescence is a product of this loosely bound hole 
recombining with the ion core with a transition energy of 2.4 eV.9  Perhaps this may help 
explain the quenching of GB luminescence.  The Cu+ ion can be converted back to Cu2+ 
by annealing the sample at 900oC.1  Taking into account that it is a common trace 
impurity Cu should be the subject of consideration anytime GB is considered.9   
 Making p-type ZnO is not such a trivial endeavor.  These acceptor doped samples 
are often unstable in nature.  The main complication of p-type doping is compensation by 
other elements.  These include low energy native defects like zinc interstitials and oxygen 
vacancies.  Shallow donors such as hydrogen, a very common background impurity that 
is difficult to eliminate, need to be kept at very small concentrations in order not to 
suppress p-type conductivity by a compensation mechanism.   
 Seeing as most ZnO is n-type the properties of p-type will be briefly discussed 
referring to Ref.(1,9, 10, 12) for more in depth considerations.  The group I elements (i.e. 
Li & Na) as zinc substitiutional’s have shallow acceptor levels, and are, thus, promising 
dopants for p-type ZnO.  A complicating factor is that group I elements prefer to be 
interstitial instead of substitutional due to their small atomic radii.1 In this state they act 
as donors hampering p-type efforts but have energies that make them suspect in green 
band considerations.  Another complication is the bond lengths associated with sodium 
and potassium cause lattice strain that results in an increase of native defects within the 
crystal again generating compensating acceptors.1 
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 The Group V (i.e. P & As) elements also form bond lengths that cause strain and 
thus native compensating defects.Hhowever, nitrogen (N) does not follow this rule and 
seems to be the best candidate for successful p-type doping.1  N takes the place of O and 
is the lone group V element that won’t slip into a zinc site.1  Again, the challenge is to 
form these N acceptors without being overwhelmed by unwanted donors.  Nitric Oxide 
(NO) has been shown to have high potential in nitrogen doping for p-type ZnO.13   
 
 
C.  Cathodoluminescence 
 
Cathodoluminescence is the process in which a material gives off light after being 
excited and ionized by electron bombardment.  The principle is essentially the same as 
photoluminescence or electroluminescence but with the source energy coming from an 
accelerated electron.  A detailed description of the luminescence processes can be found 
in Ref(14).  Using an electron beam (e- beam) to study the characteristics of a material 
gives the advantage of being able to impart a large amount of energy to the material.  
Electron irradiation essentially has two approaches, low energy and high energy.  For the 
purpose of this experiment a high energy e-beam will be used as opposed to the common 
low energy approach.   
Irradiating at high energy is a destructive process and changes the sample with 
time.  Being able to impart large amounts of energy into the sample allows for excitation, 
ionization, and creation of defects.  Irradiation is limited to the production of native 
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defects which are listed and explained in chapter III.  This work has shown that one can 
relate changes in green band to native defects produced giving insight into the 
mechanisms responsible. 
 Because luminescence is the basis of observation in this experiment and depends 
on the number of carriers available for transition, it is useful to briefly mention carrier 
density.  Equation (1) is the generation rate for electrons and holes from particle 
irradiation.  
 = ∙



  (1) 
J is the particle current density in particles per cm2 per second.   

 is the energy 
lost by the particles per unit length and Eg is the band gap energy.  Equation (2) gives the 
excess carrier density where g as mention is the generation rate and τ is the 
recombination lifetime.15  The number of the electrons in the conduction band during 
irradiation is n=n0+δn where n0 is the number of electrons in the conduction without 
irradiation. 
 =  =  ∙   (2) 
Quick calculation gives  = 6.8 × 10    !"#$∙% " , while the excess carrier lifetime 
has been measured between 80 and 5000 ps.16,17  Best average values for our work is 
probably 300 ps which gives an excess carrier density of ~2 ×  10(    !"#$.
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D.  Energy Losses  
 
 
1.  Bethe-Bloch Equation  
 
 When a particle travels through a material it interacts with the electrons associated 
with the atoms of the material.  The incident particle can either excite or ionize the 
electron.  As a result the incident particle looses energy at some rate.  In 1930 Hans Bethe 
developed the first equation that describes the energy lost per unit length of path traveled 
through a material.20  This is also often referred to as the stopping power of the material.  
Equation (3) is the current version of the Bethe-Bloch (BB) equation where Z1 and Z2 are 
the atomic number of the incident and target particles respectively.  The original form of 
the equation just had the L0 term with the L1 and L2 terms being added later.  Further 
explanation of these terms is to follow. 
 

 = )
 *
+,-./
+,0.1232**
#"*4*5 6789 + ;79 + ;<7<9= (3) 
 
In the equation (3) A is the atomic weight, N0 is Avogadro’s number, ρ is the 
density of the material, and 9 = >" where v is the velocity of the incident particle.  L0 is 
known as the primary stopping number and is given below in equation (4). 
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7?9 = ln <#"
*4*B*
C − 9< (4) 
 
where  E< = 1 − 9< 
 
There are two more corrections that can be added to this term.  The first, L1, is a 
shell correction for when the incident particle is slower than the “orbital velocity of the 
atomic electrons”, and thus has greater interaction with each atom.  The second term that 
can be added, L2, is known as the density effect term.  The density effect term corrects 
for polarization effects in the target that effect EM fields.  These are given below. 
 
;79 =
23F)G 3/*H /
2*3/*$/*
 (5) 
 
Where    I = 4J*2*  and  K = LM;<
/N
  
 
The L1 term is known as the Barakas correction, or the Z
3 effect.  This term 
corrects for differences in positive and negative incident particles that interact differently 
with the atomic electrons.  In equation (5) F is a tabulated function that can simply be 
looked up while b is the impact parameter.  Lis the free electron parameter and corrects 
for binding forces. 
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Equation (6) is known as the Bloch correction or the Z4 term.  The Bloch 
correction is the least significant of all three.  In this equation the parameters v0 and r0 
have been added which are the average velocity of the target electrons and the radius of 
the target atom respectively.  Bloch showed that for large impact parameters there was a 
need for a higher order correction term. 
 
;<7<9 ∝
)P3QR /
*S TU
*
*V*W
XYTUZ3VZU
 (6) 
 

 = )
 *
+,[U/
< <,0U12*
#"*4*5 \ln
]]^#"**4*B*
<C*#"* − 2E − 2 + 9< ln 2 +

 1 − E<_ (7) 
 
 In the case of an incident electron the parameters can be reduced to equation (7).  
This equation represents the energy lost per unit length due to collisions.  If one is 
considering particles traveling at relativistic velocity then it may also be need to take into 
account radiative losses caused from rapid acceleration and deceleration.  Equations 3-7 
can be found along with a detailed derivation at references.(18,19,20) 
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2. Bremsstrahlung 
 
At high energies it may become necessary to take into account energy losses due 
to emission of radiation.  This is caused by the acceleration or deceleration of an electron 
known as Bremsstrahlung or braking radiation.  Equation (8) gives the ratio of 
Bremsstrahlung to ionization energy loss.21 
 
` #%%abcdef  fg h8%%
C8ijbai8  fg h8%% ≈
]2^.<
l??                  (8) 
 
T is the kinetic energy in MeV while Z is the atomic number of the material.  To 
estimate the “worst” case scenario, take T=1.0 MeV and Z=30.  The result is 0.0446, this 
indicates that for all practical purposes the assumption can be made that all of our energy 
goes into ionization and defect formation.   
 
 
3. Defect Production 
 
Defects are formed by the collision of electrons which displace atoms from their 
lattice sites.  The Mott relation gives the quantum mechanical Rutherford cross-section as 
a function of the classical mechanical cross-section seen in Equation (9).22 
mn# = op ∙ m"  (9) 
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McKinley and Feshbach give equation (10) for the evaluation for Rs.23 
 
op = 1 − 9< sin )s</
< + tu9 sin )s</ )1 − sin )
s
<// (10) 
 
Plugging the expression for Rs into the Mott scattering cross-section equation and 
integrating over all angles gives equation (11)20. 
 
mv = ,G*+ 1 − 9<wv − 1 − 9< lnv + ut9w2x√v − 1z − lnv{{ (11) 
 
In the previous two equations α is the fine structure constant while b is the 
classical distance of closest approach as follows. 
t = 2|l   K =
<2 *
+,-.#>*   
  
In equation (11) the Mott scattering cross-section is in terms of X.  In this 
equation, X is the ratio of the maximum transferred energy (Em) to the displacement 
energy (Ed) for any given kinetic energy.   
 
v =  }~}  where the following quantities are defined as: 
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Em = <^<#"*"*    = E − 12  E = !4* 
 
                
Ed is a measured quantity defined as the smallest energy required to cause a 
permanent displacement when transferred to an atom.  m is the mass of the electron while 
M is the mass of the target particle.   
 In conclusion, recalling that 1 MeV electrons do not have a significant energy loss 
due to bremsstrahlung means that ionization and defect production are the main 
mechanisms of loss.  Due to the nature of these mechanisms, energy is initially lost to 
ionization until the electrons have slowed to a velocity to which the defect production 
mechanism will take over.  This results in a maximum defect production depth that will 
be discussed in a later chapter.  
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III . EXPERIMENTAL SETUP & 
PROCEDURES  
 
A.  Setup 
 
Spectra were gathered using an Oriel MS257TM quarter meter spectrometer 
equipped with four diffraction gratings situated on a rotating turret with automated center 
wavelength alignment.24  The available grating which was best suited for investigation 
into green band activity was an Oriel 77747, a 300 line/mm grating blazed at 400nm.24  
This spectrometer has the capability of being remotely controlled by computer via a serial 
port.  It is crucial for changes in collection to be made safely outside the radiation zone 
without the need to power down all devices.  Situated at the output port of the 
spectrometer is a CCD line camera.  The CCD line Camera is a Mightex Spectrometer 
Sensor Engine (SSE-1304-UW).25  The camera has 3648 pixels capable of 16 bit 
resolution able to clock out at 0.5MHz.  The Mightex SSE has a max efficiency of 138 
scans/second with 4 on board storage locations.  The Camera came packaged with the 
Mightex SSE application software version 1.3.2 which communicates over a USB 2.0 
serial cable to control collection parameters as well as read in, display, and save pixel 
values.25  The USB 2.0 Cable is 65ft in length with two internal repeaters which require 
special care to maintain uninterrupted operation.   
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Individual spectrum collection was triggered by an external 5V pulse supplied to 
the CCD cameras controller board via a mini-DIN 8 connector.  External triggering 
allows the ability to correlate spectra with accumulated charge.  This correlation means 
spectra are collected at fixed intervals of charge dose, thus allowing for direct comparison 
of charge-based evolution.  Recalling this is an important feature, as the damage caused is 
proportional to electrons/cm2.   
The 5V pulse is supplied via a custom circuit (Appendix A) designed to count 
pulses generated by the current integrator: one for every 1 nC of irradiated charge.  The 
counting is carried out by two twelve bit ripple counters.  A twelve bit counter is capable 
of counting to 212 or 4096 counts.  The two counters give a counting range of zero to 224.  
Given that a pulse is generated by the current integrator every 1 nC gives a variable 
trigger interval of 2 nC to 16 mC.  After reaching a predetermined count number 
corresponding to a desired collection interval (dose), the circuit will output a pulse of 
appropriate current and voltage required by the camera for a trigger.  Experiments were 
run until observation showed no more significant change which corresponded to an 
average total dose of 0.8 x 1016 electrons/cm2.  This is well below the counting range of 
the ripple counters ensuring counting limitations will not be of concern.   Another 
concern is the risk of lost signal due to chip response if the input frequency is too high.  
Ripple counters are occasionally known to skip counts if the input frequency is 
sufficiently high.  As a check, the counters are rated to handle an input frequency of 3.5 
MHz with a 5 volt power supply.  Irradiating at an average current of 1 µA gives an input 
frequency of 1 kHz which is well within its good operating conditions.  The smallest 
collection interval of interest is roughly 0.5 µC which at an average current of 1 µA 
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correlates to roughly a 0.5 second collection interval.  Recalling that the maximum scan 
rate of the CCD is 138 scans per second means good operating limits are maintained.   
The acquisition software provided only has the capability of calculating the 
average of specified sets of spectra.  In order to reduce noise boxcar averaging was the 
technique desired.  As a result it became necessary to develop a custom algorithm to 
implement the boxcar averaging.  Boxcar averaging is the process of consecutively 
adding spectra together in order to allow features to develop above noise levels for 
analysis.  MATLAB was chosen to implement this algorithm as it has been refined for 
easy file Input Output (I/O) and is matrix based software ideal for this application.  When 
the CCD software is triggered it saves a text file containing a charge value for every pixel 
of the CCD array.  The designed algorithm continuously checks a pre-designated data 
folder for incoming files.  As files are detected they are boxcar averaged over a 
designated number of data files at which point the final array values are output to a new 
file in a separate folder for post processing analysis.  The algorithm is also designed with 
the capability of deleting files between desired collection intervals if one desired to 
conserve memory.  For these experiments however all files were kept for analysis as 
possible unexpected results may be present and memory was not an issue.  Since all 
software is configured to be run in real time during collection it is easy to adapt to 
changing experimental conditions as they unfold.  Examples of this include adjustment of 
center wavelength and integration time. 
Two Samples of zinc oxide were used; the first was a thin film (Figure 1) on a 
sapphire substrate while the second is a bulk sample of zinc oxide.  The Thin film is 
between 0.40 and 0.45 microns thick depending on relative surface roughness.  This thin 
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film is grown via Pulsed Laser Deposition (PLD) on a 0.5mm Sapphire substrate and is 
provided by Dr. Kevin Leedy of the Air Force Research Labs (AFRL).  The impurity 
concentrations of typical ZnO targets for PLD are listed in Appendix B.  The bulk sample 
(Figure 2) of zinc oxide has an area equivalent to roughly a 6x6 mm square sample and is 
several millimeters thick.  The bulk sample was produced by Dr. Buguo Wang of AFRL 
via hydrothermal growth techniques described in detail in Ref(1). 
 
 
 
Figure 1 – 0.40 to 0.45 micron thin film of ZnO on sapphire substrate courtesy of Dr. 
Kevin Leedy of AFRL.  Sample grown by Pulsed Laser Deposition. 
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Figure 2 - Bulk sample of ZnO courtesy of Dr. Buguo Wang of AFRL.  Sample has 
equivalent area of roughly 6 mm x 6 mm square grown hydrothermally. 
 
The sample is mounted on a staging assembly called a cold head (Figure 3).  The 
cold head holds the sample on a piece of copper which acts as a heat sink as liquid 
Nitrogen is run through the back via circulation ports.  Liquid Nitrogen is used to cool the 
cold head to a temperature of 80 K – 100 K which is monitored by a Resistance 
Temperature Detector.  The Temperature is dependent on both e-beam heating and 
cryogenic cooling with the liquid nitrogen.  Calculation of the sample surface 
temperature due to e-beam heating using the general thermodynamic equation for 
temperature change shows no more than a 11o C rise.  This calculation takes into 
consideration the thermal conductivity of the grease used to keep the sample in place and 
an irradiation current of 1 µA.  Cooling of the sample during irradiation is necessary to 
limit dynamic annealing of created defects.  This is a critical step in that the number of 
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defects created will be quantitatively connected with the evolution of the various 
luminescence bands using the McKinley-Feshbach defect generation algorithm which 
assumes no recombination.  The cold head assembly is then mounted to the end of the e-
beam line where it holds the sample in the proper position.  The chamber is kept under 
vacuum in the e-beam line at an average value between 10-6 and 10-7 torr.   
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Figure 3 – Perspective view of the cold head sample stage.  A) Indicates the copper 
stage/heat sink to which the sample is mounted.  B) indicates the input and output ports 
for coolant circulation.  C) Indicates the electrical connections to which the temperature 
probe is connected.   
 
For electron irradiation a model EA 1.5 Dynamitron produced by Radiation 
Dynamics Inc. was used.26  The Dynamitron is capable of producing electron beams with 
energies between 200 and 1500 keV.   The currents are independently variable from the 
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voltage and range from 100 nA to 50 µA.  The e-beam spot is approximately 5 mm in 
diameter and is scanned across a circular aperture to produce an irradiated area which is 
2.74 cm in diameter.  The irradiated area is measured by irradiating a polymer film and 
measuring the diameter of the discolored spot with a caliper.  The discolored spot has 
sharp edges and shows uniform irradiation as determined by relative optical absorbtion.  
This spot size is used to determine both the current density and the electron flux.  Leads 
are attached to the electrically isolated cold head and in turn to a BIC 1000C current 
integrator which keeps track of the effective charge deposited.27  It is the current 
integrator which outputs the 1 nC pulses utilized by the circuit board to ultimately trigger 
spectra as explained above.  The 1 nC charge is used with the spot size to determine the 
electron dose increment and total dose. 
The light emitted by the sample and subsequently captured by the CCD passes 
through a supersil port window on the e-beam line.  A quartz lens then focuses the light 
onto the slit of the spectrometer.  This all occurs on the same vertical plane where the 
spectrometer is positioned on a table next to the port window and is shown in Figure 4.  
The optical system, including the response of both spectrometer and CCD camera, was 
calibrated for wavelength with a known Mercury spectrum and the wavelength was found 
to be a linear function across the length of the CCD array.  The whole setup in contained 
in the very dark radiation room underground with no windows.  The setup is also behind 
closed lead doors and back around several corners resulting in no stray light. 
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Figure 4 – Diagram of beam and optical path.  “A” indicates the sample location within 
the beam line.  “B” is a supersil port window where luminescence exits.  “C” is a 
focusing lens and “D” is the spectrometer to which the CCD camera is attached.   
 
 
The response of the system was measured using a white light spectrum.  It is 
important to note there was no intensity calibration done on the data.  As a result the 
exact numerical values of relative features can not be compared as such but only 
conclusions based on observed relative change.  The resulting white light spectrum is 
presented in Figure 5.  The defined peaks indicated by the yellow arrows on the spectrum 
in Figure 5 are a result of instrumentation interference and not emission characteristics.  
This unique structure was seen across a variety of different samples in every condition.  
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Much time was spent in an effort to diagnose the suspected etaloning.  The lens and port 
window were cleaned using a three stage chemical process to remove any thin film 
effects that may be taking place.  The CCD array was tested on other optical systems and 
preformed as expected.  Individual components of our optical system were testing 
individually with no anomalies being observed.  The conclusion is that the phenomenon 
is some unique combination of its parts, the source of which is still unknown.  The 
original intent was to use spectral line fitting to the data as a means to monitor spectrum 
evolution.  Due to this instrumental effect, fitting as a means of monitoring became no 
longer feasible.  With this in mind it was deemed acceptable to move forward as most of 
our conclusions are drawn from evolution of the spectra and macro features rather than 
individual peaks. 
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Figure 5 – Yellow arrows indicate false structure produced by instrumentation.  Spectrum 
is of a broad white light source.   
 
 
B.  Procedures 
 
Prior to irradiation the software applications and instruments need to be configured 
and set in standby mode.  The e-beam line has two output ports coming off at roughly a 
45 degree angle from the sample plane in both directions from which the luminescence 
can be gathered.   Light is reflected off of the sample and the image of the sample is then 
focused onto the slit of the spectrometer input port with a lens.  This configuration can be 
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seen in Figure 4.  The liquid nitrogen is then applied to the sample stage.  The sample is 
allowed to cool to temperature while insuring the vacuum seals maintain the vacuum at 
an acceptable 10-7 torr level.   
The spectrometer as described above is set to its 300 line/mm grating blazed at 
400nm.  The spectrometer is then set to a center wavelength of 450 nm which allows us 
to see the region from 265 nm to 635 nm.  The CCD software is set up by designating an 
output folder to which the files will be saved.  An initial exposure time is then set which 
on average is 100 ms though still remains completely variable during operation.  The 
total number of files is entered and then the software is set into external trigger mode and 
initialized where it then waits for its signal pulses. 
The triggering circuit board is connected and powered up.  The desired output 
interval is selected by connecting a variable wire to the desired counter output location 
which in this experiment correlates to the 256 count output.  The reset switch is then 
pushed to clear the counters and now the board is ready for current to begin.   
The doors are now closed and safety measures activated as the start up procedure 
is begun on the Dynamitron.  The e-beam scan rate is set to 440 Hz in the x-direction and 
400 Hz in the y-direction which means any integration time above about 2.5 ms  will 
have at least 1 full scan across the entire sample.  It is also sufficiently fast enough across 
the surface of the sample as to not create any point anomalies caused by prolonged 
irradiation of a single location. 
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Two rounds of irradiations were conducted for two specific irradiation energies.  
For the first round of irradiations the Dynamitron was set to an energy of 550 keV.  This 
specific energy was selected after looking at defect formation energy calculations. 
Displacement formation energies are taken from Knutsen et al.28  They give the 
displacement energies for oxygen and zinc as 68 eV and 43 eV respectively.  Using the 
displacement energies and working backwards it is simple to calculate the threshold 
energies.  The corresponding threshold energy is ~365 keV for oxygen and ~742 keV for 
zinc.   
From this it is seen electrons with an energy of 550 keV are far enough above the 
oxygen displacement threshold for Frenkel (vacancy interstitial pair) production while at 
the same time being below the zinc Frenkel formation threshold.  This allows us to 
associate changes in luminescence directly with oxygen vacancy and interstitial 
interactions. 
For the second round of irradiations the Dynamitron was set to an energy of 1 
MeV.  Referring back to the formation energies it can be seen that 1 MeV is well above 
the threshold for both oxygen and zinc.  Knowing now the production of zinc vacancies 
and interstitials have been added new conclusions can be deduced from changes between 
the two sets.  In addition to these two samples a sample of sapphire was also irradiated 
with the intention of subtracting out its contribution in the thin film sample.  However, 
since the system was not calibrated for intensity this was not done.  Seeing as the peaks 
for the ZnO and sapphire are distinctly defined and the fact it’s the change in general 
structure that is of interest this does not produce any complications.  
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After the Dynamitron has been set the only thing that remains is to power the e-
beam up to an appropriate current.  Due to limitations with the 16 bit detector and over 
saturation of its cells the current was nominally held at 1 µA for a total dose of about 7.5 
mC.   
For the thin film two different samples were used for the 550 keV and 1 MeV 
irradiations due to the fact there were major changes in the luminescence over time that 
did not anneal out.  Thus in order to compare the difference between using 550 keV and 1 
MeV two separate but identical samples were needed.  In contrast no effects were seen in 
the bulk sample after being irradiated at 550 keV so it was deemed unnecessary to use a 
new sample for 1 MeV.   
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IV . DATA ANALYSIS  
 
 
B.  Bulk Sample 
 
The bulk sample of zinc oxide gives off a bright emission requiring just 3 ms of 
integration time for significant signal (Figure 6).  The spectrum is a single broad 
distribution roughly 300nm in width centered around 570 nm.  This emission is likely the 
product of a couple different peaks spanning the region.  Below this region however, 
down in the blue and band edge regions the emission is minimal.   
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Figure 6 – Boxcar averaged example of Bulk ZnO spectrum.  Spectrum indicates broad 
feature over yellow, green and red bands with negligible signal below 450 nm. 
 
 
The spectrum was boxcar averaged over 100 µC intervals to reduce noise and 
observe spectra evolution.  Figure 7 and Figure 8 show the evolution over the course of 
the irradiations at 550 keV and 1 MeV.  From these spectra observe shows there to be no 
regular change in intensity, just a random variation.  This intensity variation is on the 
order of 13% and can be attributed to slight variations in e-beam intensity.    
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Figure 7 -Evolution of boxcar averaged bulk ZnO spectra at 550 keV.  Graph 
demonstrates no growth or decay in signal.   
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Figure 8 - Evolution of boxcar averaged bulk ZnO at 1 MeV.  Graph demonstrates no 
growth or decay in luminescence.   
 
 
C.  Thin Film Sample 
 
The thin film sample (Figure 9) has significantly different spectra than that of the 
bulk sample.  In the thin film there are two distinctly different features.  The lowest is 
situated between 300-350 nm while the second is roughly 375-475 nm which hereafter 
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will be referred to as the blue band.  Again, note that the shoulders on these peaks as 
indicated by the red arrows labeled as “C” cannot be attributed to any specific emission 
structure. 
 
 
 
 
Figure 9 – Example of a thin film spectrum.  A) indicates peak attributed to sapphire 
substrate, B) indicates 3.0 eV peak referred to as the blue band, C) indicates false features 
due to instrumentation issues, and D) indicates where the green band region should be. 
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It is known that the thin film is on a sapphire substrate.  Thus, a sample of 
sapphire was irradiated for comparison purposes (Figure 10).  It is evident the sapphire 
sample has the same 300-350 nm peak with same overall structure as the thin film 
sample.  As a result this peak is attributed to sapphire and do not take it into account for 
our thin film zinc oxide considerations.  This also makes logical sense as the peak is 
located at energy above the ZnO band-gap.  It should also be noted that the sapphire 
spectra itself has a small green band luminescence.   
 
Figure 10 – Spectrum of sapphire sample at liquid nitrogen temperature.  Spectrum 
demonstrates no contribution to blue band.  Green band and High Energy features 
present.   
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Figure 11 and Figure 12 demonstrate the evolution of the thin film spectra as a 
function of charge.  In this instance, there is a definite growth in the spectra while 
maintaining its general shape.  This suggests there are no additional peaks taking shape 
even with our limited structure resolution.  It is seen from the same graphs that the high 
energy peak of the sapphire substrate is also affected by irradiation.  However, it is 
assumed that the change does not contribute to ZnO structure.  
 
 
 
Figure 11 - Evolution of thin film ZnO at 550 keV.  Notice significant growth in blue 
band with no green band signal. 
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Figure 12 - Evolution of thin film ZnO at 1 MeV.  Notice significant growth in blue band 
signal with no green band present. 
 
 
Another interesting feature of the thin film as compared to the bulk sample is the 
lack of green band emission.  The Blue Band is obviously dominant but what would 
normally be a broad green band is essentially non-existent.  Referring back to the 
sapphire spectrum in Figure 10, the sapphire has a stronger green band contribution than 
the thin film ZnO. 
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By similar comparisons the bulk sample has no blue band while the thin film is 
dominated by blue band.  Again, referencing the sapphire spectrum it is lacking in blue 
band emission suggesting ZnO is also at the source of this blue band emission.   
 
 
D.  Transitions 
 
Looking to the thin film and the strong 3.0 eV peak there are a few main 
transitions within the band-gap that could give rise to this.  Transitions from the 
conduction band to zinc and oxygen vacancies would give rise to transitions of about 3.2 
eV and 2.9 eV respectively as seen in Table I.  A transition from a shallow donor such as 
hydrogen, aluminum or gallium to a zinc vacancy would result in a 3.1 eV (Table I) 
emission.  Although oxygen vacancies are donors they would produce a 2.9 eV 
luminescence via ionization plus recombination (Table I).   
Depending on estimation of the band-gap and a shallow donor within that gap a 
direct transition from these shallow donors to the valance band could explain the 
observed transition.  This explanation can be supported by the fact aluminum is a known 
impurity in the ZnO targets used during growth referring back to appendix B.  There is 
likely an added effect due to interaction at the ZnO sapphire interface.  On the contrary, 
under most accepted values for band-gap energy and trivalent ion levels the observed 
transition is too low.    
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The last option found to be plausible is a transition from the Valance Band or 
shallow donor to a nitrogen substitutional on a oxygen site.  As shown in Table I nitrogen 
defects are argued to be at 0.2 eV or 0.4 eV above the valence band.  Depending on 
calculation method and which specific transition selected, the transition would result in 
emission around 3.0 eV.  If nitrogen, or any extrinsic defect, is really the source 
saturation would be expected to occur regardless of native defect production.  Looking at 
the growth in Figure 13 and the growth rates of the 3.0 eV peak in Figure 14 at both 550 
keV and 1 MeV which tends to zero, the argument seems to be supported.  It is seen that 
despite the added oxygen and zinc production at 1 MeV the growth rate is essentially the 
same.  The final argument supporting this as a viable option is the fact the blue band was 
completely absent in the bulk sample.  This means the blue band emission must be related 
to an impurity not found in the bulk sample; or if the impurity is present in the bulk 
sample it has been made a radiationless recombination center by the presence of an 
impurity not found in the thin film. 
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Figure 13 – normalized intensity plot of 3.0 eV peak for 550 keV and 1 MeV case. Note 
the 3.0 eV peak for both cases increase at same rate and show signs of saturation with 
increasing deposited charge. The sharp spike in the 1 MeV data is an anomaly due to an 
e-beam intensity spike and should be ignored.   
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Figure 14 – Growth rate of 3 eV peak at 550 keV and 1 MeV irradiation energy.  The 
large spike in the 1 MeV data is due to a large current spike during irradiation. 
 
 
Now changing focus to the broad distribution of the bulk sample seen in Figure 6.  
As has been mentioned previously there is much to debate as to the origin of the green 
band.  Technically speaking the broad band observed in these experiments is a yellow 
band, it is closer to 2.2 eV then 2.4 eV.  There are two trains of thought in the debate as 
to what mechanisms are behind this luminescence.  The first is native defects to include 
vacancies and interstitials.  The second train of thought is impurity related.   
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Native defects that would explain the observed spectrum include transitions from 
the conduction band and shallow donors to zinc vacancies along with transitions from 
oxygen vacancies to the valence band.  Table II shows copper and lithium which are well 
known and documented impurities with transition levels at 2.4 eV and 2.2 eV 
respectively.  Seeing as how these are both common impurities introduced during growth, 
they both should be suspect.    
 
 
Table II – Defects and known energy transitions associated with them.   
Transition defect  Transition energy (eV) Ref 
Li  2.2 1 
Cu  2.4 9 
 
 
During the course of irradiation at both 550 keV and 1 MeV the intensity of the 
signal remained virtually unchanged.  This seems to indicate that oxygen and zinc defects 
produced have no contribution to green band luminescence.   Looking deeper and using 
the MathcadTM algorithm included in Appendix C the production rates were calculated 
using the Mott and McKinley-Feshbach relations described in Chapter 1.   The results of 
running the algorithm are shown in Table III. 
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Table III – number of defects produced per cubic centimeter at 550 keV and 1 MeV. 
 550 keV 1 MeV 
Production of Oxygen     (cm-3) 6.399 x 1014 1.439 x 1015 
Production of Zinc          (cm-3) 0 2.081 x 1015 
 
 
Looking at the numbers in Table III, if an impurity concentration was on the same 
order of magnitude or more the effects of these productions could be hidden.  The broad 
structure observed in our bulk sample was centered closer to 2.2 eV then 2.4 eV 
suggesting copper is not the likely case.  The bulk sample used in these experiments was 
grown hydrothermally and is known to give rise to high levels of lithium.29   
Surprisingly, during the course of irradiation, the ‘very mystical peaks’ which had 
been giving rise to so many problems acted themselves as an instrument of observation.  
While watching the spectra during irradiation it was noticed that the peaks to the left and 
right of the strongest peak oscillated 180o out of phase with each other on a time scale of 
the order of seconds.  At first glance these oscillations, if real, must be about a central 
point because no changes are observed across different boxcar averaged spectra.  
Looking deeper and tracking these peaks on a consecutive file basis the phenomenon 
observed began to reveal itself.  It was verified that the “left peak” at 2.0 eV and “right 
peak” at 2.3 eV were indeed oscillating in an anti-correlated fashion as seen in Figure 15.  
A possible explanation of this may be the level of quasi-Fermi levels within the band-
gap. Assuming a compensated crystal due as mentioned to high levels of lithium, 
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calculation gives an adjusted quasi-Fermi level at ±0.75 eV. That means the quasi-Fermi 
level would be at 1.0 eV which is right around the lithium defect location and could cause 
oscillation.  
 
 
 
 
 
48 
 
 
 
Figure 15 – Plot of three main peaks indicating an anti-correlated oscillation between two peaks in the bulk sample of ZnO.  
Green and blue lines represent the left and right peaks respectively about the central peak.   
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V . CONCLUSIONS 
 
 
A.  Conclusions  
 
1.  The experiment can yield useful data.   
 It has successful been shown that the strategies and procedures utilized in this 
experiment are effective and yield useful data.  Growth in luminescence was observed in 
the thin film sample as a result of defect production.  Defect production is also observed 
to cause alterations in the stable structures of the bulk sample.   
 
2.  Zn is not implicated in any of the processes observed. 
 Irradiating at the specific energies of 550 keV and 1 MeV selected in this 
experiment, it is possible to relate features in data directly to oxygen and zinc defects.  As 
a result of analyzing the data presented previously, zinc has not been implicated in any of 
the processes observed. No new features develop in the thin film sample and the 3.0 eV 
peak remains the same other then overall intensity with the growth rate remaining the 
same between the two selected energies.  The bulk sample luminescence remains 
constant over the duration of the experiment at 1 MeV with no new features as compared 
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with the 550 keV case.  The anti-correlated oscillation observed was present under both 
irradiations and with peak energies not associated with zinc.   
  
3.  Hydrothermal Bulk Samples – Lithium  
 
In final consideration for the bulk sample, recall that hydrothermal growth is known to 
impart high levels of lithium (10’s of parts per million) into the sample.30  Because of this 
and the levels of defects produced in our experiments we do not have sufficient data to 
say what roll zinc or oxygen defects may play.  It should be noted that recently Knutsen 
et al demonstrated Zn vacancies are associated with a 1.75 eV emission effectively 
eliminating it as an option for green band luminescence.28 With these considerations it is 
the conclusion of this paper that lithium is the primary mechanism responsible for 
luminescence in our bulk sample.  Impurity does show some interaction with the 
electron-hole plasma.  
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4.  PLD Thin Film - Nitrogen 
 
Although nitrogen has not been previously identified as a specific known defect in 
the growth process for these samples, N2 is known to be present in the PLD growth 
ambient at 15 ppm.31  It is a trivial matter to entrain N2 at ppm levels as the film is 
deposited.  Additionally, nitrogen is obviously abundant in atmosphere and might be 
expected to easily adhere to a zinc oxide thin film.  Also, looking at Figure 16 which was 
produced with data from the algorithm in Appendix C, even at 1 MeV defects are only 
created at a maximum depth of 0.03 cm.  This makes plausible the idea that we may be 
seeing effects from nitrogen diffused from the surface of the thin film since it would not 
have to diffuse far and many vacancies/volume are being generated to provide an 
enhanced mechanism for diffusion.   
 
52 
 
 
 
Figure 16 – Production of oxygen and zinc defects as a function of depth at 550 keV and 
1 MeV.  Notice there is no production for zinc at 550 eV since it is below the threshold.   
 
 
It should also be noted that since nitrogen is an oxygen substitutional and the 
production of oxygen vacancies is low that there must be strong associated luminescent 
process.   
Of all possible options the nitrogen argument is the most likely. These arguments 
combined with growth rate observations from Figure 14 lead us to select nitrogen as the 
most likely mechanism behind the thin film luminescence.   Oxygen vacancies cannot be 
officially eliminated as a possibility due to lack of absolute evidence.  However, since the 
bulk sample had no 3.0 eV luminescence it would have to be lost in a radiationless 
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transition.  Oxygen vacancies are also slightly below the observed 3.0 eV peak. Drawing 
these facts together, nitrogen is the more simple, and thus more likely conclusion.  
 
B.  Further Research 
 
One of the first things that should be considered in subsequent research is removing 
the unknown interference peaks from the spectra.  This will allow for a more detailed 
look into the structure of the luminescent bands via curve fitting.  It was originally 
intended for this study, allowing for the detection of peaks which are convoluted into the 
observed luminescence and which may be evolving very slowly or at different rates. 
Another benefit would be in modifying the software and hardware to monitor not 
only the charge interval on which to collect spectra but the current during integration.   
Designating the exposure interval to be based on current instead of time would allow for 
better normalization and eliminate e-beam fluctuations within the data.  This could 
perhaps allow for insight into the less pronounced processes taking place.   
The addition of a live video feed from the irradiation room into the control room 
would be beneficial.  This would allow for visual confirmation of instrumentation 
operation and any visual spectrum anomalies that could be taking place.   
Fruitful experimentation would include further investigation into the role of 
nitrogen in the thin film sample.  Variations include annealing the sample to drive out 
nitrogen which may have diffused into the sample prior to irradiation.  It would also be 
interesting to irradiate the sample in a partial air environment where nitrogen would be 
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allowed to diffuse into the sample as new oxygen defects were being made.  Irradiating 
for longer times at higher current would result in a much higher concentration of native 
defects created.  This would help bring the levels up to or beyond that of impurity 
concentrations and allow for a more definitive answer in respect to their contribution.   
Although the results of this research has given some insight as to what may be the 
most probable mechanisms of luminescence in zinc oxide, further research is required to 
confirm these hypotheses.   
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APPENDIX A:  Circuit Diagram  
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APPENDIX B: PLD Typical Target 
Composition Information 
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APPENDIX C:  Mathcad Defect 
Production Algorithm 
* Algorithm is a modified version of code written by Dr. Gary Farlow 
Items with a “1” refer to oxygen while “2” refers to zinc 
Target information inputs
  
        Mass of electron           atomic mass unit 
    
     
Avagoadro’s number  density of ZnO
 
        
 
 
Atomic weight and number for oxygen and zinc respectively  
        
Z2 30:=  
 
  
  
Molecular weight, and stoichiometry for ZnO, and atom concentration 
e2
4π ε0
1.44:= eV nm⋅ mc2 5.11 10
5
⋅:= eV amu 931.5 106⋅:= eV
c
2
Na 6.02 10
23
⋅:= ρ 5.606:= gm
cc
Z1 8:= Mc21 16 amu⋅:=
Mc22 65.38 amu⋅:=
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Atomic concentration for oxygen and zinc respectively  
  
 
      
 
 
Calculation of displacement energy from threshold based on numbers from Knutsen et 
al.28 
Displacement energy for oxygen and zinc respectively  
   
Threshold energy for oxygen and zinc respectively  
   
  
 
 
MW 81.7:=
gm
mole
m1 1:= m2 1:=
n1 Na
ρ
MW
⋅ m1⋅ 10
21−
⋅:= n1 41.307= nm 3−
n2 Na
ρ
MW
⋅ m2⋅ 10
21−
⋅:= n2 41.307= nm 3−
Ed1 68:= eV Ed2 43:= eV
newKET1
4 mc2⋅( )− 4 mc2⋅( )
2
4 2⋅ 68−⋅ Mc21⋅−+
4
:= newKET1 3.653 10
5
×=
newKET2
4 mc2⋅( )− 4 mc2⋅( )
2
4 2⋅ 43−⋅ Mc22⋅−+
4
:= newKET2 7.422 10
5
×=
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Need to connect X and beta to the KE and express the cross-section as function of KE.  
Will come out in square nm.  Mott-McKinley-Feshbach algorithm 
 
Generate a series of kinetic energy values  
   
Displacement cross-section calculation.  Note that in this longform function an arrow 
constitutes assignment of a value to the symbol on the left.  The final value for this corss-
section is given in the last two lines of the longform function.  
 
Logarithmic plot of Mott scattering cross section as a function of energy  
Cross-sections are in square nanometers 
i 1 1200..:=
KE
i
10
i( ) .105⋅
20
:= KE
1200
1.995 10
6
×=
σ KE Ed, Z, Mc2,( ) γ
KE
mc2
1+←
β 1
1
γ
2
−←
α
Z
137
←
Em
2 KE⋅ KE 2 mc2⋅+( )⋅
Mc2
←
b
2 Z⋅
β
2
1.44
5.11 10
5
⋅
⋅←
X
Em
Ed
←
π b
2
⋅
4
1 β
2
−( )⋅ X 1− β2 ln X( )⋅− π α⋅ β⋅ 2 X 1−( )⋅ ln X( )− ⋅+ ⋅






X 1≥if
0 otherwise
:=
 
C-4 
 
 
 
 
 
 
 
 
 
 
0 5 .10
5
1 .10
6
1.5 .10
6
2 .10
6
11
10.5
10
9.5
9
8.5
8
log σ KE i Ed1, Z1, Mc21,( )( )
log σ KE i Ed2, Z2, Mc22,( )( )
KE i( )
 
C-5 
 
 
Brandt's stopping power algorithm is used to calculated the stopping power.  It uses a 
longform function definition of the electronic energy loss for fast electrons.  It does not 
included Brehmstrahlung. 
 
General    oxygen   zinc 
     
 
The units are MeV/cm 
"Bandts ionization numbers"
I0 Z( ) 8.2 Z⋅ 1
.7
Z
2
3
+





⋅:= I01 8.2 Z1⋅ 1
.7
Z1
2
3
+





⋅:= I02 8.2 Z2⋅ 1
.7
Z2
2
3
+





⋅:=
dedx KE ρ, MW,( ) γ
KE
mc2
1+←
β 1
1
γ
2
−←
τ
KE
mc2
←
F2 ln 2 β
2
⋅( )− 1
2
ln τ
2
τ 2+( )⋅  1
2 τ⋅ 1+
τ 1+( )
2






+






ln 2
1
τ 1+( )
2
+
1
8
τ
1 τ+






2
⋅+








⋅−








⋅+←
B01 Z1 ln
2 mc2⋅ 10
6
⋅ β⋅
I0 Z1( )






F2+






⋅←
B02 Z2 ln
2 mc2⋅ 10
6
⋅ β⋅
I0 Z2( )






F2+






⋅←
sdedx
.307174
β
2 MW
2
⋅
B01
2
B02
2
+




⋅← KE 0≥if
0 otherwise
ρ sdedx⋅
:=
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Plot of the electronic energy loss as a function of kinetic energy of the electron 
 
 
 
Kinetic energy and cross-section as a function of depth. This calculates a series of values 
of kinetic energy at a depth based on an input depth interval ∆x 
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dedx KEi ρ, MW,( )
KEi
λ 1.5 10⋅( )
5
n1, Ed1, Z1, Mc21,  7.36 10
7
×= nm
∆x 10
3−
:= cm KE10
.55 10
6
⋅:= KE1
i
KE1
i 1−
dedx KE1
i 1−
ρ, MW,( ) 106⋅


∆x⋅−:=
depth1
i
∆x i⋅:= KE20
1.0 10
6
⋅:= KE2
i
KE2
i 1−
dedx KE2
i 1−
ρ, MW,( ) 106⋅


∆x⋅−:=
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Kinetic energy of electrons as a function of depth for 550 keV and 1 MeV 
 
Electronic energy loss as a function of depth for 550 keV and 1 MeV in ZnO 
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The energy loss as a function of depth can be used with the longform function definitions 
of the displacement cross-sections to get a plot of displacement cross-section depth.  
Units are in square nanometer. 
 
 
 
 
Defect Production  
The following is to calculate the number of displaced atoms per unit volume per unit 
time. The units are per nanometer squared per second.  J converts from dose rate in cm 
square to per nanometer square.  
 
 
  
    
0 0.002 0.004 0.006 0.008
1 .10
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2 .10
10
3 .10
10
σ KE1i Ed1, Z1, Mc21,( )( )
σ KE2i Ed2, Z2, Mc22,( )
depth1i
J
10
16
10
14
:= J 100= nm
2− displacements
vol time⋅
n σ⋅ J⋅
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Cross-section for displacement of oxygen and zinc respectively at 1 MeV 
   
 
 
Calculating the number of defects produced per volume 
Charge dose from per cm square to per nanometer square 
    
Production of oxygen displacements in per cubic nanometer 
         
Production of oxygen displacements in per cubic centimeter 
  
Production of zinc displacements in per cubic nanometer  
   
   
Production of zinc displacements in per cubic centimeter  
 
σ 10
6
Ed1, Z1, Mc21,( ) 4.354 10 10−×= nm2
σ 10
6
Ed2, Z2, Mc22,( ) 6.296 10 10−×= nm2
dose 0.8 10
16
⋅:= electrons cm
2−
⋅ dosenm dose 10
14−
⋅:= nm
2−
dosenm 80=
production1 dosenm n1⋅ σ 0.55 10
6
⋅ Ed1, Z1, Mc21,( )⋅:= production1 6.399 10 7−×= nm 3−
production1cm3 production1 10
21
⋅:= production1cm3 6.399 10
14
×= cm
3−
production2 dosenm n2⋅ σ 10
6
Ed2, Z2, Mc22,( )⋅:= production2 2.081 10 6−×= nm 3−
production2cm3 production2 10
21
⋅:= production2cm3 2.081 10
15
×= cm
3−
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Production of oxygen and zinc as a function of depth at 550 keV.  This uses the 
relationship between depth and cross-section deduced above.  The factor of 1021 converts 
to units of per cubic centimeter.  Note there is no zinc cross-section since this is below 
the displacement threshold.  
   for oxygen  
   for Zinc 
 
 
 
 
 
production1
i
dosenm n1⋅ σ KE1
i
Ed1, Z1, Mc21,( )⋅ 1021⋅:=
production2
i
dosenm n2⋅ σ KE1
i
Ed2, Z2, Mc22,( )⋅ 1021⋅:=
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Production of oxygen and zinc as a function of depth at 1 MeV 
 
`  
 
production1
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dosenm n1⋅ σ KE2
i
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